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Abstract

Knowledge of the mechanical properties and fatigue behavior of thin films

is important for the design and reliability of microfabricated devices. This

study uses the bulge test to measure the residual stress, Young’s modulus,

and fracture strength of aluminum nitride (AlN) thin films with different

microstructures prepared by sputtering, metalorganic vapor phase epitaxy

(MOVPE), and atomic layer deposition (ALD). In addition, the fatigue be-

havior is studied under cyclic loading. The results indicate that the fracture

strength and Young’s modulus of AlN are mainly determined by the film

microstructure, which is consecutively influenced by the deposition method

and conditions. A microstructure with a higher order of crystallinity has

increased fracture strength and Young’s modulus. Additionally, the strength

limiting defects are located at the film-substrate interface. The measured

residual stresses were 249, 876, 1,526, and 272 MPa for two sputtered films
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Preprint submitted to Journal of Alloys and Compounds September 19, 2018



of different thicknesses, MOVPE and ALD films, respectively. The fracture

strengths were 1.42, 1.54, 2.76, and 0.61 GPa, and Young’s moduli were 335,

343, 346, and 272 GPa. No clear signs of fatigue were observed after 10,000

cycles at a load corresponding to 83% of the fracture strength.

Keywords: Mechanical properties, Nitride materials, Thin films,

Microstructure

1. Introduction

Aluminum nitride (AlN) is a piezoelectric wide band gap high tempera-

ture III-V compound with many possible applications. For example, AlN thin

films are used or show potential in microelectromechanical systems (MEMS)

such as bulk acoustic wave (BAW) [1] and thin film bulk acoustic resonators5

(FBAR) [2], energy harvesters [3], inertial sensors [4], and microphones [5].

In optoelectronics, AlN thin films can be used for instance in deep ultraviolet

devices [6–9]. The electrical and piezoelectric properties of AlN are already

relatively well known [10, 11], due to the widespread and established use in

these applications.10

However, despite the tremendous interest in AlN, the mechanical prop-

erties, which are a crucial part of the operation and reliability of microfab-

ricated devices [12, 13], of thin film AlN are not fully known. Out of the

important mechanical properties, i.e. fracture strength, Young’s modulus,

and fatigue behavior, only Young’s modulus has been studied. The previous15

studies have mainly used nanoindentation in determining Young’s modulus

and this has led to lower than expected results. Previously, ab initio calcula-

tions [14, 15], Brillouin light scattering [16, 17], and ultrasonic methods [18]
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have been used as well.

All the previous studies have given a very wide range for Young’s modulus20

ranging from 204 GPa [19] to 396 GPa [15], due to the differences in the test

methods and tested films. Moreover, the fatigue behavior or the fracture

strength of thin film AlN, and their effects on reliability have not been studied

previously. So far, these gaps in knowledge have hindered the commercial

utilization of AlN, especially in piezoelectric MEMS devices.25

Certainly, a need exists for more accurate determination of Young’s mod-

uli and the other mechanical properties of AlN thin films, and it should be

clarified what causes the differences in measured Young’s moduli. For reliable

and accurate characterization of the mechanical properties, the test method

needs to be selected carefully. Several different micro- and nanomechanical30

testing methods have been used previously. These include methods such as

the aforementioned nanoindentation [19–21], as well as microbending [22, 23],

microcompression [24, 25] and microtensile testing [22, 26], and shaft loading

[27].

Especially for thin and stiff films such as AlN, estimating mechanical35

properties by the above methods is difficult. Nanoindentation suffers for ex-

ample from the substrate effect, film cracking and phase changes [19, 28].

In microbending, dislocations accumulate at the neutral plane changing the

mechanical behavior [29]. Microcompression testing has its own pitfalls, in-

cluding FIB-induced damage, the taper of the pillars, difficulty in aligning40

the setup and uncalibrated loading conditions [29]. Microtensile testing elim-

inates some of these problems but requires a significant amount of work in

sample preparation.
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In comparison, the bulge test method [27, 30] is simpler and does not suf-

fer from the same drawbacks. This method requires no careful alignment of45

the measurement setup and the throughput of the sample fabrication process

is considerably better. Furthermore, the original stress state of the film is re-

tained, and the test gives an accurate estimate of the residual stresses as well.

Additionally, there are no stringent requirements for the film thickness, as in

microcompression or nanoindentation. As a result, films can be tested at the50

application-relevant length scale, which influences the mechanical properties

of thin films [29].

This study uses the bulge test to measure the fracture strength, Young’s

modulus, and residual stress of AlN thin films deposited on silicon substrates

using three different deposition methods. Furthermore, the fatigue behav-55

ior is studied as well. In order to advance the understanding between the

mechanical properties and microstructure, the films are characterized using

X-ray diffraction (XRD). It is not known how the microstructure and deposi-

tion method affect the mechanical properties, especially the fracture strength.

Generally, high deposition temperatures lead to high-quality films with fewer60

flaws and better microstructures [31]. The hypothesis tested in this study is

that films with better microstructures are stronger and behave more reliably.

In order to test this, AlN films with different microstructures are produced

using reactive sputtering, metalorganic vapor phase epitaxy (MOVPE), and

atomic layer deposition (ALD).65
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2. Experimental

2.1. AlN Deposition

AlN films were deposited using sputtering, MOVPE and ALD. The sput-

tered films were grown using pulsed DC reactive sputtering. Al target (99.9999%

purity) was sputtered under 10 sccm of Ar and 50 sccm of N2 flows after a70

base pressure of less than 130 µPa was reached. The total pressure was 333

mPa and the power used was 6 kW at 100 kHz and 60% duty cycle. Target

thicknesses for the films were 50 and 200 nm. (111) Si wafers 100 mm in

diameter and 450 µm thick were used as the substrates.

The MOVPE film was grown in an Aixtron close-coupled showerhead75

reactor using a three-step process with pre-growth, low-temperature buffer,

and main growth steps. The low-temperature buffer layer has been shown to

increase the film quality [32, 33]. First, in the pre-growth step, the substrate

was cleaned and primed by baking it at 1 025 ◦C for 5 minutes under 30

kPa H2 atmosphere and for 10 minutes under silane (SiH4) flow of 50 sccm.80

Then the substrate was primed for AlN growth by nitridation of the surface

under ammonia (NH3) flow of 15 sccm and pressure of 10 kPa for 15 s at 980

◦C. Before the main AlN growth step, the low-temperature AlN buffer layer

was grown for 3 min at 980 ◦C using trimethylaluminum (TMAl, C3H9Al)

and NH3 as precursors with flows of 336 sccm and 56 sccm, respectively.85

The reactor pressure was 67.6 kPa, and the resulting V/III ratio was 337.

Finally, the AlN layer was grown at a substrate temperature of 1 085 ◦C

for 15 minutes. Otherwise, the process parameters were the same as for the

low-temperature layer. A 150 mm diameter 950 µm thick (111) Si wafer was

used as the substrate.90
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ALD (Picosun SUNALE R-200 Advanced) was used to deposit a low-

stress AlN film. The plasma-enhanced (PEALD) process used aluminum

trichloride (AlCl3) and NH3 as precursors at a temperature of 425 ◦C. In

ALD, the precursors are introduced into the reaction chamber in pulses one

at a time and the chamber is purged with an inert gas between the pulses.95

This results in a self-terminating layer-by-layer growth. The full process used

to grow the ALD film is presented in a previous study [34]. The substrate

was a 390 µm thick 150 mm diameter (100) Si wafer.

2.2. Sample Fabrication

After AlN deposition, the bulge test samples were fabricated using through100

wafer etching of silicon, as shown in Fig. 1a. First, an Al2O3 hard mask was

grown on the backside of the wafers using thermal ALD (Beneq TFS-500),

with TMAl and H2O precursors at a temperature of 220 ◦C. Thicknesses of

the Al2O3 layers were 53 nm, 124 nm, and 50 nm for sputtered, MOVPE, and

ALD samples, respectively. The mask was patterned using photolithography105

(Süss MA-6, AZ 5214E photoresist, AZ 351B developer) and wet etching

(a mixture of H3PO4 and HNO3 at 50 ◦C). The lithography mask used in

this step defined the chip size (7x7 mm2) and the diameter of the circular

membranes (900 µm). The membrane diameter for the thinner ALD samples

was 200 µm. The actual diameters were measured later. Then after resist110

removal, the substrates were attached to a carrier wafer using photoresist in

order to protect the AlN film on the front side and to hold the chips in place.

The wafers were etched from the backside using a deep reactive ion etch-

ing (DRIE) Bosch process with SF6 and O2 etch gases and C4F8 passivation

(STS advanced silicon etcher). Because the AlN layer acts as an etch-stop,115
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this process results in samples with free-standing AlN membranes. The etch

process used has a high selectivity between Al2O3 and Si [35], and a low etch

rate for AlN [36]. After DRIE, the samples were released and cleaned in

acetone and isopropanol baths.

The samples used for fracture strength measurement required no addi-120

tional processing. The samples used in the estimation of residual stress

and Young’s modulus were attached to polydimethylsiloxane (PDMS) blocks

(Fig. 1b) in order to create a pressure seal between the sample and the

tester. First, PDMS was cured at 50 ◦C and then cut into blocks with a hole

punched in the middle. Then the test samples were attached to the blocks125

with additional PDMS and cured again.
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Figure 1: (a) Sample fabrication: 1) AlN deposition by either sputtering, MOVPE or

ALD, 2) ALD Al2O3 etch mask on the backside, 3) lithography and wet etching of Al2O3

in a solution of H3PO4 and HNO3, 4) DRIE of silicon to create free-standing circular AlN

membranes. (b) A bulge test sample attached to a PDMS block used for testing.

2.3. Bulge Test

Bulge testing (Fig. 2) was used to measure the residual stress, Young’s

modulus and fracture strength of the films. The maximum deflection at the

center of the membrane was measured as a function of pressure using a bulge130

tester with a Mirau-type scanning white light interferometer (SWLI) [37].

The sample was clamped to a holder, and the cavity was pressurized with

argon gas. The pressure was increased by hand using a pressure regulator

(Aga 600B 7P) and measured with an external gauge (Huber Instrumente

HM35) attached to the line. From the measured pressure-deflection curves,135
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it was possible to determine the residual stress and Young’s modulus of each

measured sample. The external gauge used was considerably more accurate

than just the gauge of the pressure regulator used in a previous study [27].

The fracture strength could be determined from the pressure alone, and

these measurements were done with a different bulge tester without a SWLI140

after determining the residual stress and Young’s modulus of the films. In-

stead, the second tester had automatic pressure control, and it could ac-

curately detect at which pressure the membrane fractured, with a nominal

accuracy of 100 Pa. The pressure ramp rate was also controllable and was 1

kPa/s in the fracture strength measurements. The fatigue cycling was also145

done using this setup.

It was assumed that no plastic deformation occurs in the AlN membranes

and that the elastic deformation was linear until fracture. In other words, it

was assumed that the films behaved according to linear-elastic fracture me-

chanics (LEFM). For AlN thin films, this should be a reasonable assumption.150

The bulge test should result in a mostly tensile stress state in the deflected

membrane and result in mode I (opening) fractures.
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Figure 2: Schematic of the bulge test setup. Adapted from [27]. The fracture strength

samples did not require a PDMS block and the pressure seal was created simply with an

O-ring.

Young’s modulus E and residual stress σ0 were determined from the

pressure-deflection measurements by fitting them in least squares sense into

the following equation, which gives the pressure P (w) in the cavity as a

function of the membrane deflection w as

P (w) = c1
tσ0
a2
w + c2

tE

a4(1 − ν)
w3, (1)

where c1 and c2 are constants depending on the geometry, t is the thickness

of the film, a is the radius of the membrane, and ν is Poisson’s ratio [38].

For circular membranes, FEM simulations [39] give the constants as c1 = 4155

and c2 = 2.67(1.026 + 0.233ν)−1. The measured Poisson’s ratio for AlN thin

films ranges from 0.177 to 0.255 [40]. A value of 0.207 was used in this study

for Poisson’s ratio [41].
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The fracture strength σf at the fracture pressure Pf , when residual stress

is taken into account [42], is

σ3
f − σ0σ

2
f −

1

24

EP 2
f a

2

(1 − ν)t2
= 0 (2)

By using the residual stress and Young’s modulus previously determined for

the films from the pressure-deflection measurements, it is possible to derive160

the fracture strength of the samples from the fracture pressures by finding

the real root of Eq. (2).

2.4. Film Characterization

The deposited AlN films were characterized using optical and scanning

electron microscopy (SEM), ellipsometry, and X-ray diffraction (XRD). The165

thicknesses of the films were measured after deposition with a Plasmos SD2300

ellipsometer. The actual diameter of each membrane was determined by

imaging them with an Olympus BX51M optical microscope equipped with a

Leica DFC420 digital camera. The diameter was measured from these images

using image processing software.170

The crystal- and microstructure of the films were characterized using

XRD. Wide area χ–2θ 2D diffraction maps were measured using a Rigaku

SmartLab X-ray diffractometer equipped with a 9 kW rotating Cu anode

source and a 2D single photon counting pixel detector HyPix-3000.

3. Results175

The wide area χ–2θ 2D diffraction maps are presented in Fig. 3 for

the sputtered (Figs. 3a and 3b), MOVPE (Fig. 3c) and ALD (Fig. 3d)

films. The measured reflections are labeled according to database references
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[43]. The 2θ full widths at half maximum (FWHM) of the 002 reflections

were approximately 0.42◦, 0.37◦, and 0.35◦, for the 55 nm sputtered, 220 nm180

sputtered and 126 nm MOVPE films, respectively. For the ALD film, the

intensity of the 002 reflection was too low for a meaningful estimation of the

FWHM.

The results show that the sputtered and MOVPE films are textured with

preferential orientation of the c-axis. The width of the AlN002 reflection185

indicates that the MOVPE film has the highest crystallinity compared to the

other films. The ALD film is not as crystalline and untextured in comparison.

The XRD results show that the MOVPE film, which was deposited at the

highest temperature, has the best crystal quality and orientation of the polar

c-axis. The AlN002 reflection is very narrow and strong compared to the190

other films. The 002 reflection is also present in the sputtered films. However,

it is wider in both χ and 2θ directions, indicating that the orientation of the

grains is more spread and that the grains are also smaller. In the ALD film,

the 002 reflection is the weakest and is spread over a wide χ-range.
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(a) Sputtered 55 nm. (b) Sputtered 220 nm.

(c) MOVPE 126 nm. (d) ALD 59 nm.

Figure 3: Measured χ–2θ 2D diffraction maps for all AlN thin films.

The maximum deflections of the AlN membranes were measured as a195

function of pressure, with the SWLI setup from three to five samples per

film. One example of a deflection measurement is presented in Fig. 4. The

results were fitted into Eq. (1) in a least squares sense, as shown in Fig. 5.

The calculated residual stresses and Young’s moduli are presented in Table

1.200

The mechanical strength of the films was determined by pressurizing 30

samples per film to fracture. The probability of fracture Pf is given by the

Weibull distribution [44–46] as

Pf = 1 − e
−A
(σ − σth

σ′

)m

, (3)
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where σ is the multiaxial stress in the specimen with a surface area of A,

σth is the threshold stress below which no fracture occurs, σ′ is the character-205

istic stress (63% probability of fracture), and m is the Weibull modulus. The

threshold stress can be assumed to be zero for brittle materials [47]. Instead

of the surface area A, sample volume V should be used if the fractures are

caused by volume defects instead of surface ones. The Weibull probability

of fracture vs. fracture strength distributions for the measured films are pre-210

sented in Fig. 6. The average fracture strengths are presented in Table 1. No

adhesion failures between the substrate and the film were observed in optical

microscopy after testing.

The wafer curvature method [48] gives the average residual stresses of the

films as 212 MPa, 738 MPa, 1.8 GPa, and 165 MPa for the sputtered (55215

and 122 nm), MOVPE and ALD films, respectively.

Table 1: Thickness, membrane diameter, residual stress, Young’s modulus and fracture

strength of different AlN thin film membranes.

Deposition Thickness Membrane diameter Residual stress Young’s modulus Strength

method (nm) (µm) (MPa) (GPa) (GPa)

Sputtering 54.9 ± 0.6 957 ± 20 249 ± 63 335 ± 3 1.42 ± 0.46

Sputtering 220.0 ± 2.3 973 ± 7.0 876 ± 78 343 ± 8 1.54 ± 0.18

MOVPE 126.0 ± 5.2 1 014 ± 2.1 1 526 ± 100 346 ± 43 2.76 ± 0.34

ALD 58.6 ± 0.7 252 ± 14 272 ± 58 257 ± 102 0.61 ± 0.10
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Figure 4: Deflection of a MOVPE deposited AlN thin film membrane along the diameter

as a function of position at different pressures.
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Figure 5: Pressure vs. maximum membrane deflection measurements for the sample in

Fig. 4 with a curve fitted according to Eq. (1) giving estimates for the residual stress and

Young’s modulus.
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Figure 6: Weibull distributions of the fracture strengths of the sputter, MOVPE, and ALD

deposited AlN thin films. The points were calculated from the experimental data using

Eq. (2).

3.1. Fatigue

The fatigue of AlN was studied by cycling the 220 nm thick sputtered

film for 10,000 cycles at a load of approximately 83% of the measured aver-

age fracture strength. The mechanical stress profile used in fatigue cycling220

as a function of time is presented in Figure 7. Loading of 83% was selected

in order to induce possible fatigue as fast as possible, while still keeping a

significant amount of samples intact. The residual stress, Young’s modulus,

and fracture strength were measured using the previously described methods,

with the exception of a smaller sample size of 20 for the fracture strength225

measurement. The results are presented in Table 2, and the Weibull dis-

tributions are presented in Fig. 8. The changes in the residual stress and

Young’s modulus were statistically compared to the uncycled film using Stu-

dent’s t-test and the probability (p) for a no statistically significant change
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is presented in Table 2 as well. Three samples fractured in the first cycle230

during fatigue testing.
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Figure 7: The mechanical stress profile as a function of time used in the fatigue cycling of

AlN films.

Table 2: Residual stress, Young’s modulus, and fracture strength of 220 nm thick sputtered

AlN film before and after mechanical cycling. The p-value indicates the probability that

no statistically significant changes occurred according to the t-test.

Film Residual stress Young’s modulus Fracture strength

(MPa) (GPa) (GPa)

As-deposited 879.03 ± 74.02 342.58 ± 7.07 1.54 ± 0.18

Fatigued 950.79 ± 71.20 337.25 ± 10.70 1.52 ± 0.11

p-value 0.24 0.50
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Figure 8: Weibull distributions of the fracture strength of as-deposited and fatigued 220

nm thick sputtered samples.

4. Discussion

Compared to the previously reported experimental measurements for

Young’s modulus of AlN thin films, the results presented here are notably

higher and closer to the calculated values. The reported values in the litera-235

ture for Young’s modulus are between 204 and 396 GPa [15, 19]. The wide

range is due to differences in the test methods and in the tested films. For

example, the most used method, nanoindentation testing, gives values lower

than expected due to the substrate effect. Moreover, the indentation depth

affects the measured value, even when testing the same film with the same240

tester, reducing Young’s modulus from 277 to 204 GPa in one case [19]. Ab

initio calculations and Brillouin light scattering (BLS) have yielded notice-

ably higher values. The calculated Young’s moduli ranged from 237 to 353

GPa [14, 15] and BLS measured from 291–321 GPa [16] to 351 GPa [17] for

sputtered and bulk AlN, respectively.245
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In addition to the different testing methods, the wide range of values is

caused by differences in the tested films. A correlation has been observed

in some cases between the crystallinity and mechanical properties [49]. For

single crystalline bulk AlN, Young’s modulus can be as high as 374 GPa

[41]. For polycrystalline bulk and thin film AlN, values of 320 [18] and 300250

GPa [50], respectively, have been reported. And for amorphous AlN, Young’s

moduli are between 66 [51] and 200 GPa [49].

There seems to be a similar correlation between the observed crystallinity

and Young’s moduli of the films tested in this study. The ALD film, which

has the lowest crystallinity, also has the lowest measured Young’s modulus at255

257 GPa. Although, the deviation in the results is quite large (±102 GPa).

The MOVPE and sputtered films have very similar measured moduli, despite

the MOVPE film being slightly more crystalline (AlN 002 FWHM 0.35◦ vs.

0.42◦ and 0.37◦). Young’s moduli of the MOVPE and sputtered films are be-

tween what has been reported for single crystalline and polycrystalline films,260

whereas the modulus of the ALD film is between polycrystalline and amor-

phous. The fracture strengths of the three types of film varied considerably

more and correlate with the observed crystallinity.

In theory, the fracture strength of thin films should decrease with increas-

ing film thickness because a larger volume will contain more flaws if they are265

uniformly distributed. The average fracture strength of the sputtered films

did not change noticeably between the 55 and 220 nm thick films. Because

the fracture strength of a material is mainly determined by its fracture tough-

ness in combination with the size and distribution of flaws [52], the results

indicate that the flaw distribution did not change as the thickness increased.270
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This suggests that the defects dominating the fracture strength are mainly

located at the interface between the film and the substrate. Another expla-

nation is that flaws caused by sample fabrication limit the fracture strength.

Moreover, the testing method used could potentially change the failure mode

of the membranes. In theory, the failures should initiate near the center of275

the membrane, where the strain is greatest. The membrane fractures could

also be caused by poor adhesion between the film and substrate around the

membrane or by fractures initiated near the substrate-membrane interface.

However, using optical microscopy, no fractures were observed caused by loss

of adhesion or by fracture initiation around the membrane circumference.280

The deposition methods used in this study are ones commonly used to

deposit AlN thin films. Of these, reactive sputtering is perhaps the most used

method and generally results in moderately high-quality polycrystalline and

textured films with moderate stresses [53, 54]. Possible defects include argon

incorporation and damage from ion bombardment [55]. MOVPE growth typ-285

ically results in very high quality and purity films [32, 56]. However, the film

stresses are also high due to high growth temperatures and coefficient of ther-

mal expansion (CTE) mismatch between substrate and film. ALD AlN films

are usually polycrystalline and can include a high amount of impurities from

the process gases [57, 58]. However, ALD is a popular deposition method290

due to low growth temperatures, accurate thickness control, and uniformity

as well as good conformal coverage on high aspect ratio structures [59]. The

fracture strength results for the sputtered, MOVPE and ALD films confirm

that the MOVPE film had the highest quality, followed by sputtered and

ALD films.295
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The residual stresses acquired with the bulge method probably provide

a more accurate estimate compared to substrate curvature measurements.

The bulge test is a more direct method in comparison, and it includes fewer

assumptions about the materials. In addition, the effect of the substrate is

minimized compared to the curvature method, while the film is still clamped300

to the substrate at the edges, retaining its original stress state. Moreover,

wafer curvature gives the average stress over the whole wafer, whereas it is

possible to accurately map the residual stress over the wafer using the bulge

test.

The two main causes of residual stress in as-deposited films are the CTE305

and lattice mismatches between the substrate and the film [60, 61]. The

lattice mismatch is 0.23 between AlN and Si. Clearly, an elastic strain of

23% is not feasible, and most of the lattice mismatch is accommodated. The

CTE misfit strain is 1.80·10−3 and 0.68·10−3 for the MOVPE and ALD films,

respectively, using CTE values of 5.3 ·10−6/K for AlN and 3.6 ·10−6/K for Si310

[62] and assuming that the CTEs are constant over the temperature range.

The corresponding residual stresses are 786 and 221 MPa for the MOVPE

and ALD film, respectively, using the measured Young’s moduli.

The fatigue testing of the 220 nm thick sputtered film shows no statis-

tically significant changes in the residual stress or Young’s modulus after315

10,000 cycles at 83% load of the measured fracture strength. As the resid-

ual stress did in fact slightly increase, this could indicate that there were no

symptoms of fatigue that cause a relaxation of stresses, such as plastic flow,

creep, or microcracking. Furthermore, sub-critical crack growth or propa-

gation of microcracks should have been noticeable in the average fracture320
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strength. The strength of the fatigued samples does not seem to follow the

Weibull distribution as well and shows a decrease when the stress is higher

than 1.5 GPa. The Weibull modulus at high stress matches the modulus of

the unfatigued samples more closely. The slightly higher Weibull modulus

of the fatigued samples is likely because the mechanically weakest samples325

were already eliminated during fatigue cycling.

Interestingly, the Weibull distribution of the ALD film shows two popu-

lations. The Weibull modulus decreases at high stress, and the modulus at

stresses above 0.6 GPa in the ALD film resembles the modulus for the 55

nm sputtered film. No change is apparent in the 220 nm sputtered or in the330

MOVPE film.

Based on the Weibull modulus, the films can be divided into two cate-

gories: high and low modulus films. The MOVPE and 220 nm sputtered

films and the low-stress part of the ALD belong to the high modulus cate-

gory, whereas the 55 nm sputtered and the high-stress part of the ALD film335

belong to the low category. The presence of the two categories indicates that

there could be two failure modes that cause the fractures. The two modes are

most likely caused by the inherent material flaws and flaws generated by the

sample fabrication. In theory, the flaws in the high category are more evenly

distributed in the film and from sample to sample and cause less variance in340

the results. In the low category, the flaws are unevenly distributed and clus-

tered, which means that these films can be considered unreliable. Most likely,

the fractures in the high category films are caused by the inherent material

flaws, thus these results represent the actual strength of the material.

The MOVPE and 220 nm thick sputtered films can be considered strong345
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and reliable. Between the 55 nm and 220 nm thick sputtered films, the

only difference is the Weibull moduli. Films below the 100 nm range behave

less reliably, and the failure mode is different. ALD film has a considerable

Weibull modulus despite being 58 nm thin, which seems to indicate that the

ALD film is uniform yet mechanically weak.350

Typical materials used with AlN include Si, Pt, Mo, Ti, and Al. Si has

a measured mechanical strength of 1.5–7.2 GPa [63], while metals typically

have strengths in the 100 MPa range. In light of this, the results show that

AlN films deposited by sputtering or MOVPE are mechanically stronger and

should not pose a problem for device reliability. AlN films deposited with355

ALD require more consideration in their use.

The factors that contributed to the error in the results and their esti-

mated size or measured standard deviation were as follows: Assumption of

Poisson’s ratio (±0.039), accuracy of the pressure measurement (±1 kPa),

measurement uncertainty of the SWLI (±20 nm), film thickness variation360

(±1, ±2.3, ±5.2, and ±0.8 nm for 55, 220 nm sputtered, MOVPE, and

ALD), change of the film thickness due to over-etching (-1 nm), and mea-

surement error in the bulge radius (±20, ±10, ±35 and ±14 µm).

5. Conclusion

In this study, the bulge test method was used to investigate the mechan-365

ical properties of AlN thin films prepared by sputtering, metalorganic vapor

phase epitaxy (MOVPE) and atomic layer deposition (ALD). The residual

stress, Young’s modulus, and fracture strength were measured for all three

films. In addition, the fatigue of AlN was studied by measuring the possible
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changes to the mechanical properties of the film due to cyclic stress. The370

microstructures of the films were investigated using XRD.

The results show that the fracture strength of AlN thin films depends on

the microstructure of the film, which is determined by the deposition method.

Films deposited at higher temperatures have higher crystal quality and are

mechanically stronger. From a reliability point of view, the associated higher375

residual stresses somewhat offset this increase in strength. Young’s modulus

depends on the crystallinity of the film up to a point. The results presented

in this study differ from the previous experimental values and are closer to

the actual Young’s modulus of AlN.

No substantial effects of fatigue were observed in the sputter deposited380

AlN film. The mechanical properties of the film did not change significantly

after 10,000 loading cycles. However, the Weibull distribution of the fracture

strength changed slightly, indicating that cyclic loading might cause some

changes in AlN thin films. Fatigue in AlN thin films was studied for the first

time using the bulge test method.385

This study shows that AlN is a mechanically strong and reliable material,

suitable to be used in MEMS and in other micro- and nanoscale devices. Of

the used deposition methods, sputtering and MOVPE are appropriate when

high strength is required and residual stresses are not an issue. ALD is best

suited to be used when properties of the film other than mechanical are more390

important for the application.
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J. M. Österberg, J. P. Aaltonen, H. Saarikko, Z. P. Radivojevic, Scan-

ning white light interferometry in quality control of single-point tape

automated bonding, Microelectron. Eng. 84 (1) (2007) 114–123. doi:

10.1016/j.mee.2006.08.013.

[38] J. Vlassak, W. Nix, A new bulge test technique for the determination of540

Young’s modulus and Poisson’s ratio of thin films, J. Mater. Res. 7 (12)

(1992) 3242–3249. doi:10.1557/jmr.1992.3242.

[39] J. Y. Pan, P. Lin, F. Maseeh, S. D. Senturia, Verification of FEM analysis

of load-deflection methods for measuring mechanical properties of thin

films, in: Solid-State Sensor and Actuator Workshop, 1990. 4th Techni-545

cal Digest., IEEE, IEEE, 1990, pp. 70–73. doi:10.1109/solsen.1990.

109823.

31

http://dx.doi.org/10.1116/1.5003381
http://dx.doi.org/10.1116/1.2734157
http://dx.doi.org/10.1116/1.2734157
http://dx.doi.org/10.1116/1.2734157
http://dx.doi.org/10.1116/1.3664306
http://dx.doi.org/10.1016/j.mee.2006.08.013
http://dx.doi.org/10.1016/j.mee.2006.08.013
http://dx.doi.org/10.1016/j.mee.2006.08.013
http://dx.doi.org/10.1557/jmr.1992.3242
http://dx.doi.org/10.1109/solsen.1990.109823
http://dx.doi.org/10.1109/solsen.1990.109823
http://dx.doi.org/10.1109/solsen.1990.109823


[40] M. Moram, M. Vickers, X-ray diffraction of III-nitrides, Rep. Prog. Phys.

72 (3) (2009) 036502. doi:10.1088/0034-4885/72/3/036502.

[41] I. Yonenaga, T. Shima, M. H. Sluiter, Nano-indentation hardness and550

elastic moduli of bulk single-crystal AlN, Jpn. J. Appl. Phys. 41 (7R)

(2002) 4620. doi:10.1143/jjap.41.4620.

[42] V. Rontu, A. Nolvi, A. Hokkanen, E. Haeggstroem, I. Kassamakov,

S. Franssila, Elastic and fracture properties of free-standing amor-

phous ALD Al2O3 thin films measured with bulge test, Mater. Res.555

Expressdoi:10.1088/2053-1591/aabbd5.

[43] G. Bergerhoff, I. Brown, F. Allen, et al., Crystallographic databases,

International Union of Crystallography, Chester 360 (1987) 77–95.

[44] W. Weibull, The phenomenon of rupture in solids, J. of Appl. Mech. 18

(1951) 293.560

[45] S. Greek, F. Ericson, S. Johansson, J.-Å. Schweitz, In situ tensile
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